The microstructure in the Z-Y surface of Inconel 718 alloys fabricated by selective laser melting (SLM) shows the relatively homogeneous and irregular fine grain structure after the heat treatment process of 1050ºC solid solution + double ageing. A large number of bulk precipitates were observed on the grain boundary, and the typical dendritic crystallization and Laves phases disappeared. It is possible that a large number of δ phases (NbNi 3 ) were precipitated on the grain boundary since the enrichment effect of element Nb. The hardness in the Z-Y surface increased from 350HV to 500HV, and the residual stress was transformed from the tensile stress to compressive stress.
Introduction
Inconel 718, a Ni-based superalloy, has the ability of retaining mechanical stability at a high temperature (650ºC), excellent resistant to oxidation, high temperature corrosion, creep resistance and good fatigue life [1] [2] [3] . Hence, it is widely used in aircraft turbines, jet engines and steam turbine power plants 4 . However, the present cast components have coarse grain size, dendritic segregation and some solidification defects, which lead to poor mechanical properties of Inconel 718 alloy. In addition, it is difficult to control the performance of this alloy and produce complex geometries for the special wrought form 5 . With the characters that can produce more homogeneous and finer microstructures, Selective laser melting (SLM) consequently could be a prospective candidate to replace conventional production processes 6 . This process can offer several advantages, such as like reduction of production steps, high flexibility, low material consumption and, the most importantly, the possibility to manufacture parts with high geometrical complexity and dimensional accuracy.
However, since the complexity of the non-equilibrium SLM process, some problems, such as residual stresses, porosity, directional grain growth, segregation, creation of non-equilibrium phases, and other process induced defects have to be systematically considered and studied. In order to achieve the desired mechanical and microstructural properties, post heat treatment was commonly required for relieving residual stresses and for facilitating the precipitates of strengthening phases 7, 8 . Feng et al. 9 reported that a process of 1050ºC solid solution + double ageing was used. After the heat treatment, the microstructure on the upper surface showed the homogeneous bulk crystal structure. The typical columnar crystals and dendrites also disappeared. The growth of grain that showed relatively fine structure was limited. However, it is well known that the Inconel 718 alloy fabricated by SLM was built by a method of layer by layer 10 . Therefore, the microstructure, properties and residual stress near the layer by layer interface during the heat treatment will also experience the vitally important change, which has an obvious effect on the reconstruction of microstructure and properties for Inconel 718 alloy fabricated by SLM.
In this paper, Inconel 718 alloy fabricated by SLM were heat treated using a suitable 1050 ºC solid solution + double ageing to observe the changes in microstructure, phase constituents, hardness and residual stress near the layer by layer interface. This study will provide a reference for the further research of heat treatment and reconstruction of Inconel 718 alloys fabricated by SLM.
Experimental Techniques
In our research, Inconel 718 Ni-based alloy of was produced by SLM. The chemical composition (At.%) of Inconel 718 alloys fabricated by SLM is 0.41%Al, 0.84%Ti, 18.11%Cr, 18.30%Fe, 49.42%Ni, 5.48%Nb, 3.05%Mo and 4.39%other. Inconel 718 spherical powder is used during the process of SLM, and the power size is 45~65µm. The SLM equipment used is 500Yb-fibre laser of FS421M type (Farsoon Technologies, China), the wavelength is 1050nm. The scanning speed is 0~15m/s, and the spot diameter is 60~200µm. The laser power selected in this experiment was 350W, and the scanning speed was 700mm/s. In addition, the Ar gas was used as the protective gas in the melting process.
Inconel 718 alloys fabricated by SLM were made into a series of samples with dimensions 10mm ×10mm×10mm through a lining cutting machine. Then, a suitable heat treatment processes of 1050ºC solid solution + double ageing were adopted, and the detailed process was holding 1h at 1050ºC, air cooling to 720ºC, holding 3h at 720ºC, air cooling to 620ºC, holding 3h at 620ºC, air cooling to room temperature. And then, the microstructural analysis, microhardness test and scanning electron microscopy (SEM) in the Z-Y surface (see Fig. 1a and 1b) of Inconel 718 alloy fabricated by SLM were performed before and after the heat treatment. Residual stresses in the depth direction were measured based on incremental hole drilling method (Prism residual stress measurement system). A blind, flat bottomed hole was drilled on the surface of the Inconel 718 alloy (see Fig. 1c ). The variations of surface strain, due to the relaxation of the surrounding material, were then recorded and calculated into residual stresses. The residual stresses in depth from 0 to 0.5mm were measured. Each measurement was repeated for 3 times, and the average value was selected as the experimental value. A ratio of eroding solution, 5g CuCl 2 + 100ml HCl + 100ml CH 3 CH 2 OH, was used for the microstructural analysis. The test equipments used are as follow: Horizontal metallurgical microscope of Nikon Epiphot 300U/200 and SEM equipment of JSM-6380LA. Fig. 2 shows that the microstructure of the Z-Y surface before and after heat treatment processes for Inconel 718 Ni-based alloy. According to Fig. 2a , the obvious welding layer structure can be observed in the Z-Y surface without heat treatment process. This reason was mainly due to the deposition of metal between welding layers in the process of SLM. The obvious and large interlayered structure existed is favorable to induce the intermetallic compounds formed easily. Moreover, the microstructure shows the seriously inhomogeneous in the Z-Y surface with lots of melting tracks formed by SLM (see Fig. 2a ). However, after the heat treatment process, the microstructure of alloys shows the relatively homogeneous and irregular fine grain structure (see Fig. 2b ). It is obvious that the solid solution + double ageing process have the important effect on the whole microstructural properties increased. As a result, the microstructural transformation in the Z-Y surface will play an important role. In order to further know the influence of heat treatment process on the microstructural transformation in the Z-Y surface of Inconel-718 Ni-based alloys, SEM with energy dispersive spectrometer was used to observe and analyze the alloys. Fig. 3 shows the microstructure of alloys by SEM. The EDS analysis results of typical precipitates in the Z-Y surface of alloys are shown in Table. 1.
Results and Discussion

Microstructures
It is well known that the basic phase of Inconel 718 Ni-based alloys is γ structure, and elements Cr, Al and Mo should be dissolved in γ phase 11 . According to Fig. 3a , the structure shows the typical dendritic crystallization character. The dendritic crystallization was composed of solid solution of γ phase 12 . Moreover, it can be found that some small precipitates, Laves phase ((Ni, Fe, Cr) 2 (Nb, Mo, Ti)), existed among these dendritic crystallizations 13 . However, when the solid solution + double ageing process were used, the microstructure experienced an obvious change (see Fig. 3b) . A large number of bulk precipitates were observed on the grain boundary, and the typical dendritic crystallization and Laves phases disappeared.
The chemical composition among dendrites crystallization in the Z-Y surface for the unheated alloys is shown in Table 1 (point A) . This is according to SEM analysis. Therefore, there should be Laves phase in the grain, and these phases were the intermetallic compounds of typical brittleness 13 . The chemical composition of point B can also be seen in Table 1 . The EDS results indicated that the content of element Nb increased obviously from 4.18% to 34.01%. Moreover, the content of Cr and Ni decreased obviously, and element Mo disappeared. That is to say, the content of these elements related to formation of Laves phases decreased. Therefore, when the heat treatment was performed, Laves phases could be dissolved. At this time, since the enrichment of element Nb, it is possible that a large number of δ phases (NbNi 3 ) of solution were further promoted to precipitate on the grain boundary 13 . In addition, with the increase of the content of element C, it is possible that there were also some carbide (such as Cr-Ni-Fe-C) 8 . 
Microhardness and residual stress
According to the above analysis, the microstructure of alloys has the obvious changes. Therefore, it is possible to reflect the relation between microstructure change and heat treatment process through analyzing the hardness distribution of alloys. Vickers hardness tests were conducted using Vickers indenter with a 200 g loading and a load time of 10s. The hardness distribution in the Z-Y of alloys before and after heat treatment is shown in Fig. 4 .
The test results indicated that there was an obvious change of hardness in the Z-Y surface for Inconel 718 alloys fabricated by SLM after heat treatment. It is clear that the hardness increased from 350HV to 500HV. Although Laves phases that are typical hard and brittle intermetallic compound could be dissolved after heat treatment by means of SEM analysis, the obvious fine grain structures and a larger number of δ phases precipitated on the grain boundary will be important factor to enhance the hardness in the Z-Y surface of alloys. In addition, with the increase of the content of element C, some carbide (Cr-Ni-Fe-C) existed is also possible reason for the increase of hardness. Simultaneously, with the solution of Laves phases at the high temperature, the segregation of element Nb generated, which formed the δ phases. The existence of δ phases will enhance the thermal stability at the high temperature of Inconel 718 alloys, and increase the ability of impact resistance and high temperature resistance 14 . Fig. 5 shows the distribution of residual stress in the Z-Y surface in the direction of depth of alloys before and after heat treatment. The test result indicated that the residual stress was transformed from the tensile stress to compressive stress, which will have an important effect on the obvious increase of hardness in the Z-Y surface of alloys 15 . Moreover, the grain refinement, solution of Laves phases and formation of δ phases could be vital effect on the change of residual stress.
Conclusions
In conclusion, the microstructure on the Z-Y surface of alloys shows the relatively homogeneous and irregular fine grain structure after the heat treatment process. A large number of bulk precipitates were observed on the grain boundary, and the typical dendritic crystallization and Laves phases disappeared when the solid solution + double ageing process were used. It is possible that a large number of δ phases (NbNi 3 ) of solution were further promoted to precipitate on the grain boundary since the enrichment of element Nb. In addition, the hardness on the Z-Y surface increased from 350HV to 500HV, and the residual stress was transformed from the tensile stress to compressive stress. Therefore, the grain refinement, solution of Laves phases and formation of δ phases could be vital effect on the change of hardness and residual stress.
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